ABSTRACT. Integrated crop-livestock systems (ICLS) are sustainable options for agricultural diversification, but there have been few studies on the influence of ICLS on soil microorganisms. This work investigated the influence of agropastoral (AP) and agrosilvopastoral (ASP) systems, compared with a non-integrated crop (CO) on the suppression of Rhizoctonia solani and on the density of Fusarium and Trichoderma propagules. In the first assay, soil samples were inoculated with R. solani and evaluated for soybean damping-off. After this, the soil was sterilized and re-inoculated with the pathogen for a new evaluation. Finally, 10% of the soil in the pots were substituted by newly soil samples collected from the same plots in the field to evaluate de suppressiveness transference by soil samples. In the second assay, native Fusarium and Trichoderma propagules were quantified in semi-selective media. Damping-off incidence in ASP was 70% compared to AP and CO. Evaluations with sterilized and transferred soil samples attributed this suppression to biotic factors. Fusarium propagules were retrieved in the ASP soil at 70% and 60% the amounts in AP and CO soils, respectively. Trichoderma propagules were retrieved in the ASP soil at 150% compared to AP, but similar to CO. The agrosilvopastoral system in the Brazilian subtropics has the potential to reduce pathogens and enhance beneficial microorganisms in the soil.
Introduction
Agricultural diversification including crops and animals grazing in the same area are longstanding production systems and considered the main form of agricultural land use in the world (Bell & Moore 2012) . These production systems are included in the definition of Integrated Crop-Livestock System (ICLS) (FAO, 2010) . ICLS are planned systems involving temporal and spatial interactions on different scales with animal and crop exploitation within the same area, simultaneously or disjointedly and in rotation or succession . Studies in this area have intensified in recent years due to the benefits these systems bring to the farmer and to the environment when compared to the monoculture. Examples of the benefits of ICLS include reductions in costs and risks, increase in the efficiency of land and machinery use, increased biological diversity, greenhouse gas mitigation, reductions in plant diseases and weed incidence, and increased profitability and incomes (Altieri, 1999; Bell & Moore, 2012) .
In the subtropical region of Brazil, ICLSs are characterized by annual rotation of pastures such as black oat (Avena strigosa) and annual ryegrass (Lolium multiflorum) and crops such as soybean (Glycine max), corn (Zea mays), bean (Phaseolus vulgaris), or rice (Oryza sativa) in the same area, under a direct seeding system . Planned inclusion of tree species in such production systems is still not common, even though this component is clearly encompassed in the definition of ICLS .
Damping-off are important and complex diseases worldwide, affecting agricultural and forestry crops (Lamichhane et al., 2017) . Soybean is a major crop in tropical and subtropical regions, and the four most frequently associated pathogens (Fusarium, spp., Rhizoctonia spp., Pythium spp. and Phytophthora spp.) with damping-off in the literature surveyed by the above-mentioned authors affects soybean yield in the main producing countries (Wrather et al., 2010) .
Rhizoctonia solani Kühn [teleomorph: Thanatephorus cucumeris (A. B. Frank) Donk] is found in soils worldwide and is considered an important pathogen with a broad host range. It causes diseases on several agronomic crops, ornamentals, and forestry species (González García, Portal Onco, & Rubio Susan, 2006) . This pathogen causes reduction in soybean yields worldwide, at quantities up to 11.5 and 26.1 thousand metric tonnes in northern of United States and in Canada, respectively (Wrather et al., 2010; Wrather & Koenning, 2006) . In Brazil, this pathogen is responsible for the pre and post-emergence damping-off and also for aerial blight of soybean (Fenille, Souza, & Kuramae, 2002) . The availability of resistant cultivars is limited.
Alternative methods to chemical means of disease control can decrease dependence on fungicides, reduce costs, and mitigate damage to the environment, especially in the absence of resistant cultivars (Godfray et al., 2010; Lamichhane, Dachbrodt-Saaydeh, Kudsk, & Messéan, 2016; Tripathi & Dubey, 2004) . And damping-off control requires the implementation of an integrated disease management approach combining both preventive and curative tactics and strategies (Lamichhane et al., 2017; Tsror, 2010) . Although ICLS promote changes in the environment, little is known about the influence of different arrangements of these production systems in the occurrence of plant disease, particularly when the forestry component is added. The system can lead to environmental modifications, which can increase or decrease plant diseases, depending on the particular requirement of the pathogens (Matson, 1997) . Beside this, nitrogen (N) input in the soil can influence microorganisms since they play critical roles regard to N fixation and transformation (Stockdale & Brookes, 2006) . N supplementation has been found to affect also the pathogens and antagonists. For example, high doses of N supplied as urea stimulated Sclerotinia sclerotiorum attacking mustard, and this result may be related to the prolonged vegetative period of the plants (Gupta, Awasthi, & Kolte, 2004) . Crescent doses of N increased in length and quantity the injuries caused by R. solani in rice (Lenz et al., 2009 ), but reduced disease caused by this pathogen in beans (Rodrigues, Carvalho, & Vale, 2002) . Damping-off incidence caused by R. solani in spring wheat increased as N stress was progressively reduced (Wall, Neate, Graham, Reuter, & Rovira, 1994) ; and amendment of sources of N to organic substrates resulted in greater growth and conidia production by Trichoderma pseudokoningii on selected substrates (Rajput, Khanzada, & Shahzad, 2014) .
Most microorganisms present in a particular soil are not well known and have been underexplored in agriculture, even though they are responsible for the function of agricultural and natural ecosystems (Van der Heijden & Wagg, 2013 ). An exception is the genus Trichoderma, reported as an antagonist of several pathogens by different mechanisms of action, such as volatile and non-volatile compounds and direct hyphae interaction, and also involved in promoting plant growth and stress resistance (Lorito, Woo, Harman, & Monte, 2010) .
Saprophytic and pathogenic populations of the genus Fusarium are widespread in the world. Even containing many non-pathogenic species, pathogens in this genus are responsible for several plant diseases, as vascular wilt diseases either in temperate and tropical regions (Finlay, 2007) . Fusarium is frequently reported causing soybean diseases and yield reduction in the major soybean producers countries (Wrather et al., 2010) , with emphasis on sudden death (Aoki, O'Donnell, Homma, & Lattanzi, 2003; Farias Neto, Dianese, Santin, & do Couto, 2013; Westphal, Li, Xing, McKay, & Malvick, 2014) . The genus Fusarium is also one of the most important pathogens associated with wheat (Zhang et al., 2012) , corn and rice (Kim et al., 2012) .
Current knowledge on soil suppressiveness to plant pathogens and its origin (biotic or abiotic), and microbial density in the soil do not include systems that integrate grain production, livestock, and forestry. This indicates a lack of knowledge on how different arrangements of ICLSs influence the soil microbiota, as well as the occurrence of major diseases in the cultivated plants. Studies in this regard can provide insights into better management practices in diversified agricultural systems.
The objectives of this work were to assess the influence of two ICLS arrangements and two N doses on a) the soil suppressiveness to soybean damping-off caused by R. solani, b) the biotic influence on this suppressiveness, and c) Fusarium and Trichoderma propagule density, as biological indicators, in the ICLS soil. The integration between crop and livestock (agropastoral system -AP) and integration of crop, livestock, and forestry (agrosilvopastoral system -ASP), with a control system (non-integrated crop -CO) were compared in a long-term field experiment installed in Ponta Grossa, Paraná State, Brazil.
Material and methods

Rhizoctonia solani inoculum
An isolate of R. solani anastomosis group 4 was obtained from the plant pathology laboratory of Embrapa Agropecuária Oeste. The inoculum was produced in black oat grains as described in Kinsbursky and Weinhold (1988) and ground to 1 mm in a Wiley-type knife mill. The inoculum was placed in plastic bags and kept at 4ºC until use. Based on a preliminary test (unpublished data), a dose of 0.6 g inoculum per pot containing 1.5 liters of soil was chosen, as at this dose approximately 80% of the plants showed symptoms 35 days after sowing.
Description of the evaluated agricultural systems and soil sampling
The field experiment evaluated consisted of an ICLS long-term experiment put in place in 2006 in Ponta Grossa county, Paraná State, Brazil. The climate of the study site is mesothermal humid subtropical. The experiment had treatments arranged in an incomplete factorial in randomized blocks with 3 replications. Experimental factor one was production system with three levels: agropastoral (AP) system, agrosilvopastoral (ASP) system, and a control (CO) with a non-integrated crop. Experimental factor two was the amount of N applied as urea in the winter pasture, with two levels: 90 kg ha -1 (in all production systems) and 180 kg ha -1 (in AP and ASP systems).
All production systems had summer crops of soybean and corn on alternated crop seasons. The winter grazing in all production systems consists of black oat and annual ryegrass intercropped. Cattle grazing occurred for an uninterrupted period of 90 to 120 days every winter in AP and ASP systems, and stocking rate was managed to maintain the pasture with 20 cm height. Summer crops and winter pastures were established by direct seeding (no-tillage). The tree component of the ASP system was composed of eucalyptus (Eucalyptus dunnii) and silver oak (Grevillea robusta) alternated in single rows, with 4.5 m between trees and 14 m between rows. Each plot had an area of about one hectare, except CO plots, which were established within the AP plots in 2010 and sized at 100 m².
Four representative 1.5 L soil samples from zero to 15 cm depth were collected randomly from each plot. In total, 60 soil samples were collected. This corresponds to the five combinations of production system and amount of N, distributed in 3 blocks, where 4 samples per plot were collected. Samples were taken with the aid of a shovel, taking care to collect a uniform width block of soil from the surface to 15 cm depth. The soil was packed in plastic bags to retain moisture and transferred to aluminum pots of 1.5 L capacity on the following day and analyzed separately. For further evaluation of Fusarium and Trichoderma population density, an aliquot of approximately 100 g was taken from each soil sample, sieved through an 1 mm opening sieve, and stored at 4ºC in capped acrylic pots.
Soil samples were collected twice, on August (winter) and November (spring) 2014. To evaluate the capacity of suppressiveness transference, soil samples were collected again on February 2015 (summer) and used to replace 10% of the volume of the soil in each pot. The experiments for evaluating the suppression to R. solani started one day after collecting soil samples. The measurements of the density of Fusarium and Trichoderma were carried out only with the soil samples collected in August and November and started three weeks after each sampling.
The production systems were characterized for soil temperature at layer 0-13 cm from July 2014 to June 2015. Temperature measurements were taken once a month in the morning (8:00 -9:00 a.m.) and afternoon (2:00 -3:00 p.m.), with 4 portable skewer type thermometers. The average temperature of the soil under ASP was 19.2 ± 0.07°C, similar to the CO treatment (19.3 ± 0.11°C). Both temperatures were lower than that observed for AP (19.9 ± 0.07°C), although differences were not observed along all the year (Figure 1 ). 
Soil suppressiveness to Rhizoctonia solani
A pot culture study was carried out with similar procedures as described in Samavat, Heydari, Zamanizadeh, Rezaee, and Aliabadi (2014) . Ten seeds of soybean cultivar NS 5909 RR were sown in orifices 1 cm in diameter and 2 cm depth in each pot containing 1.5 liters of soil. Before closing the orifices, 0.6 g of R. solani inoculum was distributed on the soil surface of each pot. The pots were arranged randomly in a glasshouse of the Universidade Federal do Paraná, in Curitiba, Paraná State, Brazil.
A sample of each combination of production system and amount of N was used as a control without infestation to check for possible natural occurrence R. solani in the soil. There was no incidence of symptoms in these pots in any evaluation, so they were not included in statistical analysis. The lot of seeds used in the experiments was collected in March 2014 and tested negative for the presence of R. solani using a blotter test without disinfecting the seeds' surface, indicating there was no influence from uncontrolled occurrences of the pathogen in the soil or seeds.
Seeds were sown for three consecutive times every 35 days without new infestation of the soil. The number of germinated plants and plants showing symptoms caused by R. solani on the hypocotyl or main root was counted. Disease incidence per pot was calculated by the sum of the number of plants with symptoms divided by the number of germinated plants.
The effect of the pre-incubation of R. solani inoculum in the soil on the incidence of dampingoff may differ between the three evaluations resulting from the three consecutive sowings. In particular, different results may be found for the first evaluation (T1) because no re-infestation was done before the second (T2) and third (T3) evaluation times. For this reason, fitted models were used: Ma) without time effects, Mb) individual effects for T1, T2, and T3, and Mc) one effect for T1 and a common effect for T2 and T3. Maximized log-likelihood values, number of parameters, and the Akaike Information Criteria guided the decision on whether and how the analysis of the three consecutive evaluations should be considered. The models that consider the effect of evaluation times (models Mb and Mc) had similar fitting averages and were clearly better than model Ma, which does not consider evaluation times. These results confirm the stable conditions for the second and third evaluation. Therefore, analysis was concentrated on the data from the T2 and T3, which were considered replications.
After the third evaluation, the pots with soil were autoclaved for one hour at 120°C in two consecutive days and re-infested with the pathogen seven days later. Three consecutive soybeans sowing were then carried out with the same protocol described before. The experiments were performed twice, one with the soil samples from winter (first experiment) and other with soil samples from spring (second experiment), as described above.
After these evaluations, 10% of the volume of the soil in each pot of the first experiment was replaced by newly soil samples collected from the same plots in the field. The protocol was repeated in order to assess the capacity of damping-off suppressiveness transference.
Fusarium and Trichoderma density
Fusarium and Trichoderma were used in this work as biological indicators. Fusarium as a genus of several pathogens and Trichoderma representing biological control agents (BCA). Population levels of Fusarium spp. and Trichoderma spp. in each soil sample were estimated by dilution plating on agar (Pérez-Brandán et al., 2014 ). An aliquot of 10 g of soil was diluted in 90 mL of sterile distilled water and stirred for 90 minutes at 170 rpm on an orbital flask shaker. Suspensions were diluted to a concentration of 10 -3 , and 0.5 mL was then spread on Petri dishes containing two different types of culture media with four plates per sample.
The Nash and Snyder (1962) medium was used to quantify Fusarium spp., while weak potato dextrose agar (PDA) (7,8 g PDA Himedia® + 16 g agar-agar + 0.8 mL L -1 lactic acid) was used for Trichoderma spp. quantification. The plates were incubated in the dark at 22 to 26°C and evaluated after 5 days by visual quantification of colony forming units per plate. Light microscope was used when necessary to identify Fusarium and Trichoderma colony forming units per plate by morphological characteristics. The experiment was performed twice, with two different soil samples of experimental field (winter and spring times), as described above. As the results were similar between samples time, fitted models were used to compare the time effect. Maximized log-likelihood values, number of parameters, and the Akaike Information Criteria indicated the two experiments with soil samples collected in the winter and spring could be analyzed together.
Data analysis
Statistical analysis of soil suppressiveness to R. solani was performed by fitting a generalized linear mixed model with binomial sampling distribution, logistic link, and a random effect assigned to each of the experimental units. The response variable was the number of symptomatic plants among the germinated ones, which numbers were also informed in the binomial model. The random effect accounts for possible dependence between plants within pots, leading to binomial over dispersion. Factors were the production system (with tree levels -AP, ASP, and CO) and N (two levels, 90 and 180 kg ha -1 ) arranged in an incomplete factorial design since the combination CO*180 was not available. The full model considered all factors and the random effect.
The statistical significance of experimental factors was assessed by likelihood ratio tests on a sequence of nested models defined by sequentially adding terms for (I) single intercept, (II) N rates, (III) production system, and (IV) interaction between N rates and production system. Treatment comparisons were performed by contrasting the effects of production system for each N level, with family-wise error rates of 5%. A correlation between seed germination and proportion of plants with symptoms was computed to assess the influence of the R. solani inoculum.
A similar generalized linear mixed model structure was used for Fusarium and Trichoderma density analysis, with a Poisson distribution for the response variable and adding a random effect to account for measurements (Petri dishes) taken at the same experimental unit (soil sample). Statistical analyses were performed using R software (R Core Team, 2015) with models fitted by the function glmer from the add-on packages lme4 (Bates, Maechler, Bolker, & Walker, 2014) , and glht from the package multcomp (Hothorn, Bretz, & Westfall, 2008) . Functions of the package do By (Hojsgaard & Halekoh, 2014) were used for organizing data for the analysis and plots.
Results and discussion
The average proportion of germinated plants was 0.79 in the first experiment and 0.76 in the second experiment. Moreover, the correlation coefficients between germination and proportion of plants with symptoms for the first and second experiment were -0.17 and -0.18, respectively. These values indicate negligible effects of the inoculum on the germination of the soybean seeds.
Likelihood ratio tests indicated the model (IV) with the interaction between N and production system effects, as the model of choice for the first (winter) experiment (Figure 2A) . The ASP treatment with 90 kg ha -1 of N resulted in at least one-half lower incidence of symptoms caused by R. solani than the other interactions between treatments. In the second (spring) experiment disease incidence in ASP was approximately 70% of the other systems, independent of N rate ( Figure 2B ). There was no difference in the incidence of symptoms caused by R. solani among treatments in both experiments when the sterilized soil was evaluated ( Figure 2C and D) . After substituting 10% of the volume of the infested soil with new soil samples collected in the summer from the same plots in the field, only production system effects were observed, with the lowest proportion of symptomatic plants in the ASP treatment (Figure 3) , similar to what was observed for the second experiment with non-sterilized soil ( Figure 2B ).
As noted by Tsror (2010) , effective management of R. solani requires the implementation of an integrated disease management approach, and within this approach, cultural practices that decrease inoculum density in the soil are the most important measures. In the first experiment (winter), a lower incidence of symptoms caused by R. solani was observed in the lower N rate in ASP system ( Figure  2A) . N supplementation can affect pathogens and antagonistic to pathogens, resulting in both positive and negative results because of the complex interaction between microorganisms, nutrients, and plants (Lenz et al., 2009; Rodrigues et al., 2002) .
As observed by Pontes et al. (2017) in the same field experiment of this work, the 90 kg ha -1 N dose showed lower sward height and herbage mass compared to the one with 180 kg ha -1 N. The lower disease incidence observed in areas where less herbage mass was produced is in accordance with Kühn et al. (2009) , who noticed R. solani hyphae growth in fresh organic matter during the saprophytic phase of the pathogen, emphasizing the influence of soil organic matter on the pathogen growth.
Fresh or immature composts not only serve as a food base for biological control agents but can also result in negative effects. Composts support the saprophytic growth of plant pathogens and increase disease risk (Bonanomi, Antignani, Capodilupo, & Scala, 2010) . The higher amounts of fresh organic matter produced in the 180 kg ha -1 dose of N of ASP may have supported the development of R. solani during the saprophytic phase (winter). The difference between disease incidences in the two N doses was only observed in the first experiment with soil samples collected during the pastoral phase in the winter. Interaction with different N rates was not detected in the second experiment with soil collected in the spring ( Figure 2B ), nor in the experiment with 10% substituted soil collected in the summer (Figure 3) , confirming the suppressiveness of the ASP soil to this pathogen.
The absence of differences in disease incidence between treatments after soil sterilization ( Figure  2C and D) shows that biotic factors may be involved in suppressiveness to R. solani. Biological factors such as microbial biomass and activity, and the abundance of specific microbial groups have been frequently associated with suppressiveness to several pathogens (Bonilla, Gutiérrez-Barranquero, Vicente, & Cazorla, 2012) , although the main factor involved in soil suppressiveness may vary according to the pathogen (Bonanomi et al., 2010) . It is difficult to distinguish between primary and secondary factors that are responsible for suppressiveness, what makes difficult the extrapolation or generalizations of the results obtained when only one situation is studied (Höper & Alabouvette, 1996) . Soil suppressiveness result from biotic and abiotic factors, in a diverse and complex set of mechanisms, and the contributing factors normally work interactively, requiring a holistic approach to studying it (Ghini & Morandi, 2006) .
When 10% of the sterilized and re-infested soil in the pots was substituted by newly collected soil samples, differences among treatments were observed again (Figure 3) , showing the capacity of suppression transference by soil samples. These results are in accordance with Wiseman, Neate, Keller, and Smith (1996) , who succeeded in transferring suppression to R. solani from one soil to another. Besides this, as the samples used to substitute in the pots were collected after and independently of the previous samplings, this configures it as a new (third) assessment of the soil suppressiveness to R. solani.
The transfer of suppressiveness to R. solani by soil samples indicates that the suppressiveness is based on individual or select groups of microorganisms (Weller, Raaijmakers, Gardener, & Thomashow, 2002) . Trichoderma spp. have been reported as antagonists of different pathogens (Lorito et al., 2010) . The highest density of this microorganism observed in the ASP treatment compared to the AP treatment ( Figure 4B ) contributes to explain the suppressiveness to R. solani, in the same way as observed by Liu & Baker (1980) . The antagonism of Trichoderma spp. to R. solani is well documented (Grosch, Scherwinski, Lottmann, & Berg, 2006) . However, we cannot attribute this suppressiveness only to Trichoderma, since the CO plots had similar levels of this microorganism and did not express suppressiveness. Two genera, one representing pathogens and another representing BCA, were investigated in the soil samples. As there was no incidence of R. solani in non-infested pots in any experiment for soil suppressiveness, the genus Fusarium was chosen representing pathogens. Trichoderma was chosen as a BCA.
The experiments with the two independent soil samplings (first on winter and second on spring), when analyzed separately, showed similar results for the population density of Fusarium spp. and Trichoderma spp. in the soil, so the two soil samplings were considered as replicates and the results analyzed together (Figure 4) . N rates were not significant in any of the experiments for any microorganism. Fusarium propagules retrieved in the ASP soil was approximately 70% and 60% of the amounts compared to AP and CO soils, respectively. Trichoderma propagules retrieved in the ASP soil was at approximately 150% the amounts compared to AP, but at similar amounts compared to CO. PDA plates were included to evaluate total fungi cultivable in this media. The results on PDA (data not shown) were similar to Fusarium spp. Microorganisms in the soil can be in active, potentially active (ready to start utilization of available substrates and grow) and dormant phases. Plate-count techniques are dynamic approaches and efficient to access the active/potentially active phases of cultivable microorganisms (Blagodatskaya & Kuzyakov, 2013) .
As previously suggested (Pérez-Brandán et al., 2014) , there is a positive effect of Trichoderma on the greater diversity of plant species, confirmed in the present work in the ASP treatment. Soil moisture is also known to be an important factor influencing Trichoderma spp. (Jin, Harman, & Taylor, 1991) . Although soil moisture was not recorded in the present work, the presence of trees in the ASP treatment and the maintenance of a greater quantity of residues on the soil surface of the CO (not grazed) may have contributed to the maintenance of moisture in these systems. Evidence of this moisture maintenance is the previously established relationship between soil temperature and moisture (Al-Kayssi, Al-Karaghouli, Hasson, & Beker, 1990) , and the average soil temperatures recorded in the field experiment, that was lower in ASP and CO than in AP. Although, soil respiration is influenced by both temperature and moisture (Akinremi, McGinn, & McLean, 1999; Li, Yan, Yue, & Wang, 2008) .
Production systems and the introduction of animals influences the soil microbial community (Silva et al., 2015) . In the present study, the density of Fusarium spp. propagules was inversely proportional to the density of Trichoderma spp. propagules in the ASP treatment. The negative correlation between the population densities of these two genera in the soil has already been reported as an indication of soil health (Innocenti, Roberti, & Piattoni, 2015; Kim & Knudsen, 2013; Sant et al., 2010; Yangui, Rhouma, Triki, Gargouri, & Bouzid, 2008) . The lower density of viable Fusarium propagules in the AP treatment compared to the CO treatment indicates that manure was more effective than crop residues in reducing Fusarium in the soil. The AP system presents lower residues due to grazing, but this activity results in manure distribution over the soil. Manure may have stimulated the microorganisms diversity in the soil, reducing the potentially pathogenic populations, as previously reported (Sun, Zhang, Guo, Wang, & Chu, 2015) .
ICLS aim to achieve synergism and emergent properties as a result of interactions among the soil, plants, animals, and the atmosphere . Some of these attributes were confirmed in the case study examined in this work. A lower incidence of soybean damping-off caused by R. solani (Figures 2A-B and 3) , a lower density of Fusarium spp. (Figure 4A ), and a higher density of Trichoderma spp. (Figure 4B ) in the soil of the ASP system were detected. These results suggest that the agricultural diversification promoted by the ASP system results in healthy soil, with higher resiliency to disturbances or stresses, in line with discussions in Van Bruggen and Semenov (1999) . The biological components of soil are critical to soil health, and suppressiveness is a relevant attribute of this characteristic (Van Bruggen et al., 2015) . This is probably the first investigation addressing crop disease in an ASP system, and future research should investigate the influence of such a complex production system in relation to other diseases.
Conclusion
The diversification promoted by the ASP system in the Brazilian subtropics has the potential to reduce Rhizoctonia solani and Fusarium spp. and enhance beneficial microorganisms like Trichoderma spp. in the soil.
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